One contribution of 20 to a Theme Issue 'Changing the light environment: chloroplast signalling and response mechanisms'. Photosynthetic eukaryotes house two photosystems with distinct light absorption spectra. Natural fluctuations in light quality and quantity can lead to unbalanced or excess excitation, compromising photosynthetic efficiency and causing photodamage. Consequently, these organisms have acquired several distinct adaptive mechanisms, collectively referred to as non-photochemical quenching (NPQ) of chlorophyll fluorescence, which modulates the organization and function of the photosynthetic apparatus. The ability to monitor NPQ processes fluorometrically has led to substantial progress in elucidating the underlying molecular mechanisms. However, the relative contribution of distinct NPQ mechanisms to variable light conditions in different photosynthetic eukaryotes remains unclear. Here, we present a mathematical model of the dynamic regulation of eukaryotic photosynthesis using ordinary differential equations. We demonstrate that, for Chlamydomonas, our model recapitulates the basic fluorescence features of short-term light acclimation known as state transitions and discuss how the model can be iteratively refined by comparison with physiological experiments to further our understanding of light acclimation in different species.
Introduction
The light-dependent electron transfer reactions of eukaryotic photosynthesis are catalysed by serially linked protein complexes within the thylakoid membranes of chloroplasts [1] [2] [3] [4] . Linear photosynthetic electron flow (LEF) commences with the light-harvesting complex II (LHCII) proteins associated with photosystem II (PSII), which channel light energy to the PSII reaction centre that catalyses the oxidation of water to form molecular oxygen and protons in the thylakoid lumen. The electrons derived from PSII water-splitting are transferred through the thylakoid membrane by plastoquinone (PQ) to the cytochrome b6f complex (Cytb6f). The Cytb6f catalyses the translocation of protons from the thylakoid stroma to lumen while transferring the electrons to PSI via plastocyanin or cytochrome c 6 . Light-harvesting proteins associated with PSI drive the transfer of these electrons through PSI to ferredoxin, which can subsequently reduce nicotinamide adenine dinucleotide phosphate (NADP þ ) to NADPH via ferredoxin-NADP reductase. The proton gradient generated by the activities of PSII and Cytb6f powers ATP synthase-catalysed phosphorylation of ADP. Cyclic electron flow (CEF) involves the flow of electrons from ferredoxin to the PQ pool, resulting in an increased acidification of the & 2014 The Author(s) Published by the Royal Society. All rights reserved.
thylakoid lumen and increased production of ATP at the expense of NADPH [5, 6] . A remarkable feature of oxygenic photosynthesis is the extremely wide range of reaction kinetics both within the electron transfer chain and the lightindependent reactions of carbon fixation [7] . This is further complicated by the distinct light absorption spectra of PSII and PSI (the latter being excited by longer wavelengths than the former), as unbalanced excitation of the two photosystems can lead to over-reduction (or over-oxidation) of the electron carriers connecting the two photosystems, leading to possible photooxidative damage to the cell. To achieve 'photostasis' amidst the broad range of light quality and quantity found in nature [7] , photosynthetic organisms must balance the harvesting, dissipation and utilization of light energy [8] .
The mechanisms of dynamic light acclimation occur across a wide range of time scales. Long-term responses (LTRs) include possible adjustments of photosystem stoichiometries [9] and thylakoid membrane folding [10] . These LTR mechanisms do not require photoreceptors and are thought to be primarily regulated by the thylakoid redox poise, which controls retrograde signalling from the chloroplast to the nucleus [11] . Photoreceptor-dependent LTR mechanisms can affect the repositioning of chloroplasts along light gradients [12, 13] . Motile photosynthetic organisms, for example, Chlamydomonas, perceive light via rhodopsins to trigger phototactic responses [14, 15] . On shorter timescales, excess energy can be dissipated through the transfer of electrons to O 2 via the plastid terminal oxidase [16] [17] [18] or at the PSI acceptor side via the Mehler reaction [19] . However, short-term acclimation processes act primarily at the level of PSII and are collectively referred to as non-photochemical quenching (NPQ) of chlorophyll fluorescence [20, 21] . NPQ is defined as the difference between the fluorescence maximum of dark-adapted cells and the fluorescence maximum observed during subsequent illumination [20] . The deconvolution of NPQ into three distinct components qE, qT and qI can be derived from the relaxation kinetics of NPQ in the dark [22] . The qE component of NPQ operates within seconds to minutes and is regulated by the lumenal pH [23] . Acidification of the thylakoid lumen stimulates xanthophyll de-epoxidation and/or conformational changes of the PSII antennae resulting in the dissipation of excess energy as heat [24, 25] . Lumen acidification also directly regulates photosynthetic electron flow by decreasing the rate of plastoquinol oxidation by Cytb6f [26] . The qT component, also referred to as 'state transition', operates on the scale of minutes and involves the reversible association of LHCII proteins with PSII and PSI to regulate the relative light absorption cross section of the two photosystems [27] . The mobilization of LHCII proteins between the photosystems is regulated by antagonistic kinases and phosphatases [28] . The qI component has been ascribed to photoinhibition, wherein photodamaged PSII complexes are partially disassembled and repaired on the scale of hours [29] .
Although the molecular mechanisms of light acclimation are becoming clear, the conditions required for their induction and their relative contribution to photostasis across variable light conditions remain poorly understood. Light acclimation processes also differ substantially among photosynthetic species and cell types. For example, plastoquinone terminal oxidase (PTOX)-mediated reduction of O 2 is a minor pathway in land plants but can absorb up to 50% of the electrons derived from water-splitting in cyanobacteria and some eukaryotic algae [30, 31] . Land plants and algae have distinct molecular mechanisms underlying qE. The PsbS protein is critical for qE in vascular land plants [32] but its role in green algae is unclear [33] and diatoms apparently do not encode this protein [34] . Conversely, the qE mechanism of eukaryotic algae, for example, Chlamydomonas, relies heavily on the light-harvesting complex stress-related (LHCSR) proteins, which are absent in vascular land plants [34] . State transitions also differ substantially between land plants and algae. Whereas land plants mobilize only 15-20% of the LHCII pool, state transitions in the alga Chlamydomonas reinhardtii have been reported to involve up to 80% of the LHCII antennae [35] . Some regulatory features of the LHCII kinase (Stt7/STN7) are shared between algae and land plants, such as its decreased activity under high light stress [36] [37] [38] and its activation by the binding of plastoquinol to Cytb6f [39] [40] [41] . It is currently unknown whether the LHCII phosphatase PPH1/TAP38 [42, 43] is regulated, and specific orthologues have not been characterized outside the land plant lineage.
The analysis of light acclimation mutants has been useful in identifying distinct molecular mechanisms; however, these processes do not operate in isolation and they form an interdependent and complex regulatory network. Indeed, the fine-tuning of LEF and CEF also varies substantially across species and cell types, with CEF reaching high rates in bundle sheath cells of C4 leaves, whereas CEF rarely exceeds 10% in C3 leaves at steady state [44, 45] . The relationship between the rate of CEF and NPQ also remains poorly understood. The processes are evidently linked based on the analysis of mutants, which are defective in both processes. For example, mutation of PGR5/PGRL1 in Arabidopsis, two proteins required for the 'antimycin A-sensitive' CEF pathway [46] , also suppresses qE [47] , most probably because of the diminished capacity of lumen acidification in the light. In Chlamydomonas, the analysis of npq4 stt7 double mutants indicates that qE and qT are functionally linked during high light stress [48] . The qT component has also been linked to the regulation of CEF by the analysis of stt7 mutants [49, 50] and the enrichment of CEF supercomplexes in conditions favouring the association of mobile LHCII antennae with PSI [51, 52] . However, this conclusion has been recently questioned by a study demonstrating that although the migration of LHCII antennae to PSI can enhance CEF in light-limiting conditions, Chlamydomonas cells may switch from low to high rates of CEF independently of the LHCII kinase Stt7 [53] .
Mathematical modelling is a useful tool for studying the dynamic behaviour of biological networks. Discrepancies between the predictions of a mathematical model and observations from physiological and biochemical experiments represent gaps in our theoretical understanding. The predictive power of the mathematical model can be iteratively refined by exploring its parameter space and connectivity based on comparison with empirical data [54] [55] [56] . Here, we present a mathematical model describing short-term acclimation of the photosynthetic electron transfer chain to changing light. Most of the initial parameters of the model, including reaction kinetics and the variable connectivity of photosynthetic electron transport, were derived from the literature, and the dynamic processes are represented as ordinary differential equations. We demonstrate that our model can reproduce the basic fluorescence measurements during short-term acclimation under conditions promoting state transitions and discuss how the parameter space of the model can be further refined to improve our understanding of the mechanisms of adaptation to changing light. 
(b) Theoretical
The mathematical model as described below and detailed in the electronic supplementary material comprises a set of seven coupled ordinary differential equations. The equations are presented and explained in detail in the electronic supplementary material. The parameters were taken from the literature and subsequently adapted to fit the experimental curves. The numerical simulations of the equations were carried out with MATLAB.
Results and discussion
We have built a mathematical model with the goal to provide a theoretical framework in which short-term acclimation processes can be investigated by computer simulations. The purpose of the model is to verify whether current concepts are sufficient to explain experimental observations, to provide a platform to test mechanistic hypotheses and to make theoretical predictions about the dynamics of variable quantities, which cannot be monitored continuously. The model includes all relevant processes involved in the electron transport chain but is deliberately kept as simple as possible. We here focus on the investigation of state transitions in the green alga C. reinhardtii and thus see our work as a continuation of previous theoretical approaches to study NPQ, which addressed in particular the qE component [57, 58] .
Our experimental data were obtained for Chlamydomonas cells grown in dim light, which do not express LhcSR3 and have little capacity for qE-dependent quenching [59] . This allowed us in the first step to investigate exclusively the qT component and study its dynamics and regulation. A schematic of the model is illustrated in figure 1a. As the model aims at describing adaptation processes in the timescale of seconds to minutes, it does not include a detailed description of the internal processes of the photosynthetic complexes but rather uses a heuristic approach to represent their overall function. Thus, PSII, cytochrome b6f (Cytb6f) and photosystem I (PSI) are treated as oxidoreductases, of which the two photosystems are light-driven. In conjunction, these three complexes mediate linear electron flow from water to ferredoxin. The protons concomitantly translocated from stroma to lumen drive the ATP synthase, generating ATP in the stroma. Electrons from ferredoxin can either be used to produce redox equivalents in the form of NADPH by the enzyme ferredoxin NADP reductase (FNR) or re-injected into the PQ pool (CEF). A central aim of the model is to study state transitions. Therefore, the action of the kinase Stt7 and the phosphatase Pph1 are represented in the model. We chose to make the simplifying assumption that the action of Stt7 directly results in a translocation of antenna from PSII to PSI and that Pph1 mediates the reverse translocation. As a result, the cross sections of the photosystems change, leading to an altered differential activation. In the model, the Stt7 kinase is regulated by the redox state of the PQ pool, reflecting the existing experimental evidence [28] . In the current version of the model, we assume that the Pph1 phosphatase is constitutively active.
A minimally invasive way to continuously monitor the state of the electron transport chain is through chlorophyll fluorescence measurements. In order to allow comparison of model predictions with such experimental observations, we need to calculate the fluorescence emitted from PSII. For this, we include in the model a simplified representation of the internal processes in PSII (see figure 1b) . Again, to keep the model as simple as possible, we exploit the timescale separation (electron flow within the photosystems is much faster than electron transfer between the complexes of the transport chain) and treat the internal states of PSII as being approximately in steady state (standard quasi-steady-state assumption, see the electronic supplementary material for details).
State transitions can be induced by altering the redox state of the PQ pool either by changing the illumination state (dark versus light) or through switching between aerobic and anaerobic conditions. Under anaerobic conditions in the dark, mitochondrial respiration is arrested and the demand for ATP induces an increase in glycolysis and an accumulation of reducing equivalents (Pasteur effect) that lead to a reduction of the PQ pool and a transition to state 2 [60] . To calibrate and test the model, we compared the simulations with fluorescence traces for state transitions observed experimentally under these two schemes.
Figure 2a presents experimental data (black) and simulation (grey) for dark-adapted wild-type cells that were illuminated by weak light (100 mE m 22 s
21
) for 10 min. It can be observed that the key features of the experimental fluorescence signal are correctly reproduced by the simulations. The dynamics of the saturating peaks (F M ') reflect the change in antenna cross section of PSII. Illumination causes a reduction in the PQ pool (see electronic supplementary material, figure S1 ), activating the kinase Stt7, and thus a partial transition to state 2. Antenna migration to PSI leads to a weaker activation of PSII and thus a slower reduction of the PQ pool. This negative feedback of the state transitions on PQ reduction leads to the establishment of a stationary and stable redox poise. In darkness, the process slowly reverses towards state 1. The steady-state fluorescence (F S ) in the dark is also very well captured, including the slow fluorescence decline between consecutive peaks caused by reoxidation of the PQ pool after its transient reduction through the actinic effect of the saturating flashes. The relative F S levels in the light compared with darkness is not precisely reproduced. Why this is the case needs further exploration and it is probable that a more detailed model of the internal processes in PSII will be necessary to refine the calculation of the fluorescence signal. However, the important feature, i.e. the tendency of F S to increase shortly after light exposure and then to decline on a longer timescale as shown in the first studies of state transitions [61] , is also clearly visible in the simulation results. Figure 2b shows experimental data and simulations for state transitions induced by shifting low-light-adapted wildtype cells from aerobic to anaerobic conditions and back in darkness. Importantly, the simulations have been performed with exactly the same parameters as were used to fit the curves in figure 2a . Again, the important features of the fluorescence signals are well reproduced by the model. The rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130223 dynamics of F M ' follow the change in antenna cross section of PSII, whereas F S reflects, at least qualitatively, the change of redox state of the PQ pool. Interestingly, the interflash dynamics of F S again are reproduced with remarkable accuracy. While in the beginning of the anoxic period F S remains approximately constant between two consecutive flashes, later in that phase it exhibits a slight increase. Investigating the variables that are not directly observable explains this behaviour (see electronic supplementary material, figure S2 ). While the PQ pool gets reduced by electrons from glycolysis, the cross section of PSII simultaneously decreases. Early during anoxia, these processes proceed with approximately the same rate and the opposite effects on fluorescence cancel each other. Later, state transition is mostly completed and the reduction in cross section is slowed, leading to a fluorescence rise resulting from PQ reduction. The fact that the simulations are in good agreement with the experimental data allows us to conclude that our current knowledge and assumptions about the molecular mechanisms of state transitions in Chlamydomonas are sufficient to reproduce and explain most of the fluorescence changes, which are related to the dynamic allocation of antenna to the two photosystems. However, mathematical models are useful not only to reproduce and explain observed behaviour but also to make further predictions and attempt to answer more fundamental questions. For example, to address the question why state transitions are more pronounced in low light and seem to be repressed under high light conditions, we employed the model with the parameters used above to systematically analyse the steady-state behaviour for different light intensities and different relative antenna cross sections. For this, the rate constants for the kinase Stt7 and the phosphatase Pph1 were set to zero and the relative cross section was fixed to different values. Subsequently, the system was simulated until it reached steady state. Figure 3 displays the computed steadystate redox state of the PQ pool as a function of the relative cross section and the total light intensity. A remarkable observation is a sharp transition of the PQ redox state for low light intensities. If the cross section of PSII is too small, the pool is almost completely oxidized, whereas for cross sections that are too large it is extremely reduced. This illustrates the need to finely adapt the relative antenna cross section under lowlight conditions to maintain a redox poise. By contrast, for high light conditions the transition from oxidized to reduced PQ is much smoother, indicating greater flexibility with respect to relative cross sections to maintain a redox poise. Figure 3 . Predicted stationary states of the reduction level of the PQ pool for different light intensities and different states. For these predictions, state transitions were modelled by imposing values for the relative antenna cross sections (x-axis) between zero, representing all antennae on PSI, and unity, representing all antennae on PSII and keeping them fixed throughout the simulations. Light intensity (y-axis) was varied and for each combination of light intensity and antenna cross sections, and the system was simulated until steady state was reached. On the z-axis, the reduced fraction of the PQ pool in stationary state is plotted. For low light intensities, a sharp transition between a strongly oxidized and a highly reduced PQ pool is observed, demonstrating that only tightly controlled cross sections can ensure a balanced redox poise and thus explaining the importance of state transitions in this low light regime. For higher light intensities, the transition is smoother, indicating a higher flexibility in cross section to achieve redox poise.
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So far, we have deliberately excluded the qE component of NPQ, thus mimicking low-light-adapted Chlamydomonas cells. With the modelling framework developed here, it is straightforward to include equations representing energy-dependent quenching of chlorophyll fluorescence, which may reflect the situation in high-light-adapted Chlamydomonas or plants. In the first approach, we have included a simplified mechanism [57] in which one pH-induced quencher increases the rate of chlorophyll de-excitation. When repeating the steady-state calculation (see electronic supplementary material, figure S3 and the text thereupon), an explanation for the different behaviours in different light regimes can be found. While the presence of qE-dependent quenching does not alter the behaviour for low light, in high light it results in the formation of a plateau in which the redox state of the PQ pool remains relatively constant for a wide range of relative cross sections. These theoretical predictions lead us to hypothesize that the intrinsic dynamic properties of the electron transport chain demand the ability to adjust antenna cross sections, but that this requirement is weaker for high light conditions. Indeed, the phosphorylation of the LHCII antenna, which is largely mediated by the STN7/Stt7 kinase in low light, is inhibited at high light intensities [48, 62] . This has been ascribed to the negative regulation of the kinase through the thioredoxin pathway in high light [36, 63] or to a conformational change in the PSII antenna [64] .
Conclusion and perspectives
This work further extends previous studies on modelling high light acclimation in plants [57] . Here, our aim is to recapitulate the basic fluorescence features of short-term light acclimation in Chlamydomonas known as state transitions, which take place in low light (or in the dark under particular environmental conditions), and which are prominent in C. reinhardtii. To do so, we have implemented the representation of the photosynthetic electron transport chain in the model (figure 1a). In particular, we have included a heuristic description of CEF, which enhances the proton gradient and thereby triggers qE. We have also taken into account the chlororespiratory pathway, which modulates the redox state of the PQ pool in the dark, thereby activating the Stt7 kinase under anaerobic conditions (figure 2b). We have also implemented a mechanistic representation of the PSII catalytic cycle (figure 1b) to reproduce the changes of fluorescence yield induced by the saturating pulses which are used to monitor changes in the PSII absorption cross section in vivo ( figure 2) .
Overall, the fact that key experimental features of fluorescence traces are reproduced by the model with good agreement indicates that our model provides a reliable representation of state transitions in the light, and in the dark upon changes from aerobic to anaerobic conditions, despite the quantitative differences that simulations and experimental data show. This implies that this description of photosynthesis as a global process (from light capture to carbon assimilation) is sufficiently accurate to simulate redox changes in the electron transport chain, which take place either in the light through PSII and PSI photochemistry or in the dark through metabolic exchanges with the cell cytosol surrounding the chloroplast.
We can foresee several applications for this model, in particular, mechanistic issues related to photosynthetic activity. This is exemplified by the finding that, while the overall changes in the PSII absorption cross section in the light are well reproduced by the model, the large reduction in the PQ pool in the light cannot be properly simulated. This could suggest that the model is unable to describe the in vivo changes of the redox state of the PQ pool. However, this could also indicate that the 'classic' picture of state transitions in Chlamydomonas is not entirely correct. This view assumes that all the light-harvesting complexes migrate from PSII to PSI during the transition to state 2. By equilibrating their light-harvesting capacity, qT leads to a balance between PSII and PSI, which in our simulations restores the redox poise of the PQ pool between states 1 and 2 more extensively than in our experiments. On the other hand, previous studies have suggested that a substantial fraction of LHCII detaches from PSII during the transition to state 2, but does not associate with PSI and remains in a quenched state in the thylakoids [51] . In this case, state transitions are not expected to induce a complete redox balance of the PQ pool, because the decreased activity of PSII is not compensated by a concomitant enhancement of PSI activity. Obviously, the model can be used to test this hypothesis. Moreover, our model can bring essential information concerning the physiology of light acclimation by simulating the relative weight of qE and qT under changing light conditions, and therefore allows an exploration of the interplay between the two processes (e.g. [48] ) under a wide range of simulated environmental conditions. Eventually, the model opens the possibility of investigating evolutionary issues. For example, it can be used to explore the different qE and qT capacities of plants and algae by modifying the appropriate parameters. It can also be used to understand why other ecologically relevant organisms (for example, diatoms) have evolved a strong qE response, without any need for qT development in their marine environment (e.g. [65, 66] ).
